Modification of the structure of materials at the nanoscale level is one goal of current nanoscience research. For example, by purposefully modifying the spatial distribution of adsorbates one could control the rate of chemical reactions on a local scale. Here we show how this can be accomplished in the case of H on Pd(111) through the application of local electric fields. Hydrogen adsorption on the platinum group metals is particularly interesting because these metals are used as catalysts in a variety of industrial processes, including hydrogenation and dehydrogenation reactions. [1, 2] . Electric fields on surfaces are also of primary interest in electrochemistry [3, 4] where despite the considerable amount of experimental and theoretical work done to date [5] [6] [7] [8] [9] [10] [11] [12] , there still remains more work to be done before a clear understanding of phenomena at the atomic scale can be accomplished.
In a recent paper, Sykes et al. [13] describe the manipulation of H atoms on Pd (111) using the tip of a scanning tunneling microscope (STM). The authors propose that inelastic excitation by tunneling electrons drives H atoms from the bulk to the subsurface layers. Electronic excitations have also been shown to promote the selective desorption of H atoms from silicon. [14] Using a field ion microscope Kellogg et al. found that strong electric fields enhance the diffusion of metal atoms towards the step edges that decorate the sharp tip. [15] Here we manipulate the concentration of surface H by means of electric fields which, as we will show using Density Functional Theory (DFT) calculations, change the adsorption energy of surface and subsurface H atoms. This drives H away from high-field regions of the surface, as well as into subsurface layers.
The experiments were performed with a variable temperature STM in ultra high vacuum (UHV). The sample temperature could be varied from ca. 40 K to room temperature [16] . The Pd(111) crystal was cleaned by Ar ion sputtering followed by annealing, then exposed to 10 L of hydrogen gas at 60-70K, which produced a coverage between 0.75 and 1 monolayer (ML), as described previously [17, 18] . [19] .
Under The atomic structure inside the triangles was √3x√3-1H, √3x√3-2H, or a mixture of both, as shown in fig. 2a . In the darker regions surrounding the triangle the structure is a nearly perfect 1x1, as shown in fig. 2b , which corresponds to the area in the box in fig. 2a . The down, it gives rise to spots of high concentration. It is in these high concentration spots, we think, that H diffuses into the bulk, producing the bright patches that surround the triangular H-depleted regions. The triangular features of reduced H density slowly decay over tens of minutes at 40-60 K as H diffuses back into the depleted zone. Interestingly, the triangular outline is still recognizable during most of this process, since the H diffusion inside the border than across the border due to the lower coverage.
An interesting characteristic of the H-patterns is that they are "erasable" by electric fields, as shown in Figure 3 . Image (a) shows a roughly triangular region produced by a 2 V pulse. A second pulse was subsequently applied in the position marked by the arrow. To explain these observations, we performed self-consistent DFT calculations [20] using DACAPO [21] , and As can be seen, for each value of θ Η, the absolute value of BE H is maximum at zero electric field and decreases with increasing field strength. As shown in the supplementary information, for H coverage less or equal to 1ML, this destabilization originates from the lack of dipole-moment differences and polarizability differences between the clean Pd and the H-covered Pd in combination with the polarizability of gas phase H. The latter accounts for the observed decrease in the average BE H . In turn, this destabilization provides the thermodynamic driving force for the surface diffusion of H away from the tip, where the electric field is high, towards regions where the field is low.
For coverages higher than 1ML, population of subsurface sites leads to a significant charge redistribution near the surface, with a concomitant significant increase in the fieldinduced dipole. This tends to stabilize adsorbed H, partially offsetting the polarizabilityrelated destabilization effect (for more details see supplementary information). The complex interplay between field-induced dipole and polarizability effects, which vary with coverage and electric field strength, are responsible for the binding energy features shown in Fig. 4 . There are two other important results from the DFT calculations. One is that the projected density of states at the Fermi level as function of coverage beyond 1 ML is essentially unchanged. The second is that there is an expansion of the Pd-Pd interlayer distance due to subsurface H atoms, resulting in an upward shift of the top Pd layer by 120 and 290 pm for the 4/3 ML and 2 ML respectively, relative to the full surface monolayer (1 ML) case. These results are in line with the contrast enhancement of the bright regions surrounding the triangles. The measured value of 60 pm is about half that predicted by the calculations, which might correspond to a lower concentration of subsurface H in the experiments. H migration from surface to subsurface appears to be rather facile in Pd(111),as shown by our minimum energy path calculations [22] for diffusion of H on and in Pd(111), which yield activation energy barriers of 0.15eV and 0.40eV respectively. [23] In conclusion, our results show that electric fields are an important parameter that can affect adsorbate concentration and mobility on the surface of metal catalysts, including electrocatalysts. With the advent of modern developments in nanofabrication of addressable metal nanoelectrodes near surfaces [24] , one can envision the utilization of electric fields to generate specific patterns and reactivities on surfaces of interest.
Methods section:
A five-layer slab and a 3× 3 surface unit cell were periodically repeated in a supercell geometry with five equivalent layers of vacuum between successive metal slabs.
Adsorption was allowed on only one of the two surfaces exposed, and the electrostatic potential was adjusted accordingly [25] . The top three layers of the slab were allowed to relax. Ionic cores were described by ultrasoft pseudopotentials [26] and the Kohn-Sham one-electron valence states were expanded in a basis of plane waves with kinetic energy below 25 Ry. The surface Brillouin zone was sampled at 18 special Chadi-Cohen kpoints [27] . The exchange-correlation energy and potential were described by the generalized gradient approximation (GGA-PW91) [28, 29] . The self-consistent PW91 density was determined by iterative diagonalization of the Kohn-Sham Hamiltonian,
Fermi population of the Kohn-Sham states (k B T=0.1eV) and Pulay mixing of the resulting electronic density [30] . Energies were extrapolated to k B T = 0eV. The calculated bond energy for H 2 (g) was 4.57eV, in reasonable agreement with the experimental value of 4.52eV at 298K [31] . Homogeneous external electric fields were imposed in our periodic calculations, as recently demonstrated by Rossmeisl et. al. [12] For each electric field, the total energies of: gas phase species, clean metal slab, and the slab with adsorbed species on/in it, were used to calculate the respective binding energies. For each specific electric field, BE H is referred to a gas phase H atom and clean Pd(111) slab at infinite separation from each other. The lattice constant of bulk Pd is calculated to be 0.399 nm, in good agreement with the experimental value of 0.389 nm [32] .
